Abstract
disease and Parkinson's disease to autoimmune illnesses such as multiple sclerosis and 23
rheumatoid arthritis. The electron transport chain (ETC) component of mitochondria is critical 24
for mitochondrial biology and defects can lead to many mitochondrial disease symptoms. Here 25 we present a publicly available collection of genetic mutants created in highly conserved, 26 nuclear-encoded mitochondrial genes in Danio rerio. The zebrafish system represents a 27 potentially powerful new opportunity for the study of mitochondrial biology and disease due to 28 the large number of orthologous genes shared with humans and the many advanced features of 29 this model system from genetics to imaging. This collection includes 22 mutant lines in 18 30 different genes created by locus-specific gene editing to induce frameshift or splice acceptor 31 mutations leading to predicted protein truncation during translation. Also included are 6 lines 32 created by the random insertion of the gene-breaking transposon (GBT) protein trap cassette. All 33 of these targeted mutant alleles truncate conserved domains of genes critical to the proper 34 function of the ETC or genes that have been implicated in human mitochondrial disease. This 35 collection is designed to accelerate the use of zebrafish to study of many different aspects of 36
Introduction

39
Mitochondria are semi-autonomous organelles critical for eukaryotic cell function. The 40 mitochondrial endosymbiotic genesis origin hypothesis proposes its evolution from an alpha 41 proteobacterial ancestor, Rickettsia prowazekii [1,2] that were harnessed by a eukaryotic cell as 42 the host billions of years ago [3] . The proteobacterium became a symbiote of the host cell, 43 bringing with it a system for more efficient generation of cellular energy in the form of ATP. 44
During the course of evolution, the genetic material of the mitochondria underwent reductive 45 expansion and was transferred in a retrograde fashion to the nuclear genome. The retrograde 46 movement of genes from the mitochondria to its eukaryotic host paved the way for the 47 mitochondria to specialize as energy production organelles rather than consuming energy 48 repetitively replicating its own multi-copy genome. The mitochondrial-encoded genetic material 49 at present is a vestige of the original proteobacterial genome [4-6] meaning despite having DNA 50 of their own, mitochondria rely heavily on the nuclear genes for most of their functions. 51
Mitochondria have critical functions in metabolism, organ homeostasis, apoptosis and aging. 52
They also play important but still largely mysterious roles in human pathology, as demonstrated 53 by the enormous biological variation and diverse disorders in patients with mitochondrial disease 54
[7-10]. Nearly every organ system can be compromised, but with highly variable and complex 55 physiological and biochemical outcomes. Imaging and basic science of mitochondria showcase 56 how this highly dynamic organelle responds differentially to extrinsic and intrinsic biological 57 signals. However, understanding how mitochondria function in normal biology, and how human 58 mitochondrial DNA variations contribute to health and disease, has been hampered by a lack of 59 effective approaches to manipulate the powerhouse of the cell. 60 use of targeted endonuclease [79] , or curated from our research group's library of randomly 153 generated insertional mutants [80] . We hope that this collection, in addition to being intrinsically 154 useful, will also help serve as a primer to the modeling of mitochondrial biology and disease in 155 zebrafish. 156
Methods
157
Zebrafish Handling 158
All animal work was conducted under Mayo Clinic's institutional animal welfare approvals 159 (IACUC number: A34513-13-R16). 160
Identification of zebrafish orthologs having putative mitochondrial function 161
A previous study combining discovery and subtractive proteomics with computational, 162 microscopy identified 1098 mouse genes that could encode for proteins residing in mitochondria 163
[24]. They further identified 1013 human orthologs for these genes, providing an initial 164 inventory of the genes coding for proteins resident in mitochondria. Using literature assessment 165 and HUGO database curation approaches, we identified 97 proteins that are involved in the 166 biogenesis and assembly of electron transport chain in mitochondria. Using zebrafish orthologs 167 of human genes from ZFIN (Zebrafish Information Network), 93 zebrafish mitochondrial 168 orthologs were identified. These orthologs were systemically annotated with respect to clinical 169 phenotype by extensive mining from PubMed based published case reports and OMIM database 170 (Supplementary Table 1 The TALEN mutants in this collection were originally generated as part of a previously 180 published study [79] . In brief, TALEN pairs were designed using the Mojohand software 181 platform [81] (www.talendesign.org) to target highly conserved, and therefore likely functionally 182 important, areas of nuclear-encoded mitochondrial genes. TALEN RVDs were then cloned into 183 pT3Ts-GoldyTALEN (TALEN vector with a T3 transcriptional promoter for in vitro 184 transcription) using the FusX rapid TALEN assembly system [79] , which uses the RVD 185 definitions: HD=C, NN=G, NI=A, NG=T. Following assembly, mRNA was synthesized in vitro 186 using the mMessage Machine T3 kit (Ambion) and extracted by a phenol-chloroform extraction 187 as prescribed in the mMessage Machine manual. The extracted mRNA was then delivered into 188 single cell zebrafish embryos at 100pg doses (50pg per TALEN arm) by microinjection. 189
TALEN Mutant Screening 190
Following microinjection, genomic DNA was extracted from F0 larvae three days post 191 fertilization (dpf) by sodium hydroxide extraction. DNA for eight individual larvae was analyzed 192
for NHEJ activity at the TALEN target site by Restriction Fragment Length Polymorphism 193 (RFLP) analysis. Groups with high reported NHEJ activity by RFLP were raised to adulthood 194 and outcrossed to create an F1 generation. Suspected NHEJ mutants were further verified by 195 Sanger sequencing. F1 larvae demonstrating NHEJ mutations confirmed by both RFLP and 196
Sanger sequencing were raised to adulthood. Fin biopsies were performed on these adults and 197
Gene Breaking Transposon System 199
The Gene Breaking Transposon System of protein trap system and a complete repository of 200 protocols for the creation and screening of GBT mutant lines has been described [80] . In short, 201 protein trap transposons were delivered in combination with mRNA for Tol2 transposase (25pg 202 each) into single cell zebrafish embryos by microinjection. Embryos were screened for GFP 203 fluorescence at 3-4dpf and classified broadly into three classes [80] . Class three embryos, those 204 with whole body GFP expression, were raised to adulthood and outcrossed to non-transgenic 205 lines to create an F1 generation. mRFP-expressing F1 embryos were sorted by expression 206 pattern, assigned a GBT number, and raised to adulthood. These adult fish were then outcrossed 207 to non-transgenic lines to create an F2 generation upon which all subsequent propagation, testing 208 and imaging was conducted. 209
To determine genes tagged by the protein trap system, rapid amplification of cDNA ends 210 (RACE) was performed as described [82] with minor updates to primer sequences. cDNA was 211 generated using a transposon-specific primer (5R-mRFP-P0) against 250ng of total mRNA in the 212 reverse transcription reaction. PCR was then performed using the following gene-specific 213 primers: 5R-mRFP-P1 and 5R-mRFP-P2. The resulting products were TA cloned for further 214 amplification and then sequence verified for in-frame mRFP fusions by Sanger sequencing. 215 genomic DNA was extracted from individual F2 embryos using a sodium hydroxide extraction 217 and 800ng was digested in a combination reaction using AvrII, NheI, SpeI, and XbaI restriction 218 Protein trap lines as verified by these methods were catalogued for specific genomic fusions 226 using the National Center for Biotechnology Information's (NCBI) Homologene Database. 227
Human orthologs for tagged genes were further identified using blastX searches against the 228 human genome. GBT lines with protein trap fusions to nuclear encoded mitochondrial genes 229 with human orthologues have been included in this collection. 230
In silico analysis to determine protein homology and alteration of DNA sequence by 231
TALENs and GBT in zebrafish mutants 232
Human amino acid sequences were compared to both the zebrafish wild type sequence and each 233 specific zebrafish mutant sequence associated with each allele. Amino acid sequence information 234 for a particular gene was gathered for humans from https://www.uniprot.org/ along with the wild 235 type amino acid sequence for the zebrafish. The first/most common isoform for each entry was 236 used for this analysis. Any added information regarding functional domains or regions was also 237 gathered. A protein-protein BLAST was conducted using https://blast.ncbi.nlm.nih.gov/Blast.cgi 238 search settings used included the blastp algorithm. Regions of low and high homology were then 240 mapped out for the sequences. 241
For zebrafish mutant to human comparisons, the cDNA or DNA sequences were gathered via 242 sequencing and put through the translate tool at https://web.expasy.org/translate/. The standard 243 genetic code was used for conversion. Stop codons arising from the frameshifted DNA sequence 244 were found in all mutants. The BLAST analysis conducted on the mutants was taken from the 245 starting methionine to the first encountered stop codon. Regions of low and high homology were 246 then mapped for each sequence. 247
Access to all reported reagents -zebrafish and sequences 248
All listed tools are immediately available through the Mayo Clinic Zebrafish Facility, and all fish 249 lines will be available via ZIRC. Sequences needed for genotyping and related metadata are 250 currently on zfishbook [83] . 251
RESULTS
252
Generation of zebrafish mutant collection 253
We generated zebrafish mutants for a wide selection of nuclear-encoded mitochondrial genes by 254 (Table 1) . 267 Table 1 : List of nuclear-encoded genes for which zebrafish mutants were generated as part 268 
TALEN-and GBT-mediated targeting of nuclear-encoded mitochondrial genes 275
Amino acid analysis using protein-protein BLAST functions between the wild type human, wild 276 type zebrafish, and mutant zebrafish sequences showed consistent results between the three 277 conditions. The comparison of wild type human and wild type zebrafish sequences showed high 278 areas of homology following the mitochondrial targeting domain in almost every gene, with 80-279 100% similarity in catalytic or active domains of the transcripts. Analysis of the mutant zebrafish 280 and human wild type comparison showed a range of difference with predicted frameshift 281 mutations leading to truncation of the protein very early in the transcript (Figure 3A-X) . Of the 282 alleles created by TALEN mutagenesis in the MMC collection, all but one (micu1) showed a 283 predicted frameshift mutation leading to a truncation event immediately following the NHEJ-284 mediated insertion or deletion. The GBT mutants showed high levels of homology prior to the 285 transposon integration site followed by a nearly complete loss of normal transcript levels 286 following splicing into the GBT cassette. and thus delays in finding effective treatments, are primarily due to the limited tools available to 301 mitochondrial researchers, specifically the small number of available model systems and 302
animals. 303
Most mitochondrial research thus far has made use of model systems that each present their own 304 unique challenge to accurate study of human disease. Yeast, one of the most common laboratory 305 eukaryotes, have been incredibly useful in mitochondrial research, but unlike humans and other 306 animals they lack complex I [45]. Complex 1 deficiency is the most frequent among 307 mitochondrial disorders caused by mutations in 28 out of 48 genes contributing to its assembly 308 cue in various signaling pathways [85] . Taking cues from these studies, many of the genes selected here were prioritized on the basis of 368 the mutations and clinical phenotype reported in patients. Detailed phenotypic analyses will be 369 described in subsequent studies. The zebrafish mutants encode for genes that have been involved 370 in myriad of clinical phenotypes such as encephalopathy, nephrotic syndrome, intellectual 371 disability, psychomotor developmental delay, respiratory chain deficiency, lactic acidosis, iron 372 overload, microcephaly, hypertrophic cardiomyopathy, etc. The superficial investigations of the 373 tissue-specific phenotypes associated with, for example, housekeeping nuclear encoded proteins, 374 have to be refined with organelle level investigations. The repository of mutants encoding for 375 proteins involved in respiratory chain biogenesis and assembly offers the potential to understand 376 the moonlighting role of these proteins. Mutations in these proteins are associated with organ-377 energy demand by these tissues is one possible explanation for the progression of these 379 manifestations; however, the role of these proteins in organ-specific cellular niches or 380 homeostasis is also a possibility. These models can help to decipher the role of these proteins in 381 the mitochondrial interactome, when studied in vivo. This underpins the utility of this MMC 382 collection in deciphering the role of mitochondrial proteins in tissue-specific biological 383 pathways. The goal of this study is to disseminate the use of zebrafish as a noblesse oblige in the field of 436 mitochondrial biology and medicine, paving way for the development of novel insight for 437 diagnostic and therapeutic strategies. Ultimately, using this collection of mutants we hope to 438 unravel a small part of the mystery that shrouds one of the most crucial organelles in the 439 cell. We hope that this MMMC mutant collection and the primer we provide for adding to it, 440 will help to usher in a new mitochondrial research using the zebrafish. depicted as grey, whereas those generated by the GBT system are depicted in pink. 836 
